Background-In adult human heart, both ␤ 1 -and ␤ 2 -adrenergic receptors mediate hastening of relaxation; however, it is unknown whether this also occurs in infant heart. We compared the effects of stimulation of ␤ 1 -and ␤ 2 -adrenergic receptors on relaxation and phosphorylation of phospholamban and troponin I in ventricle obtained from infants with tetralogy of Fallot.
I n adult human atrium and ventricle, stimulation of either ␤ 1 -or ␤ 2 -adrenergic receptors causes an increase in the force of contraction and shortening of the time course of the contractile cycle, [1] [2] [3] [4] together with increases in cAMP and activation of cAMP-dependent protein kinase (PKA). 2, 5 PKA catalyzes phosphorylation of proteins implicated in cardiac relaxation, phospholamban, and troponin I through both ␤ 1and ␤ 2 -adrenergic receptors in atrium 2 and ventricle. 4 Unphosphorylated phospholamban is an inhibitor of the Ca 2ϩ pump of the sarcoplasmic reticulum, but the pump is disinhibited when phospholamban is phosphorylated, thereby increasing the rate of Ca 2ϩ transport into the sarcoplasmic reticulum with subsequent augmentation of contraction and relaxation. 6 Phosphorylation of troponin I decreases the affinity of troponin C for Ca 2ϩ , thereby also hastening relaxation. 7 It is unknown whether the effects of ␤ 1 -and ␤ 2 -adrenergic receptor-mediated hastening of relaxation observed in ventricular myocytes from failing and nonfailing adult human hearts 3 and trabeculae from failing heart 4 can be extrapolated to infant heart. Only in neonatal but not adult rat cardiac myocytes, stimulation of the ␤ 2 -adrenergic receptor caused hastening of calcium transients and cell shortening by a cAMP-dependent mechanism. 8 Furthermore, ␤ 2 -adrenergic receptors failed to hasten relaxation in ventricular myocytes from adult rats and mice unless coupling to G i -protein was inhibited with pertussis toxin so that coupling to G s -protein could be unconcealed. 9 This is in contrast to adult human ventricular myocytes 3 and trabeculae, 4 in which a smaller population of ␤ 2 -adrenergic receptors were as effective as the larger population of ␤ 1 -adrenergic receptors in mediating hastened relaxation, presumably because of the tighter coupling of ␤ 2 -than ␤ 1 -adrenergic receptors to G s -protein. 10 -14 We studied the role of ␤ 1 -and ␤ 2 -adrenergic receptors in ventricular myocardium from nonfailing hearts of infants with Fallot tetralogy, in which the density of ␤ 2 -adrenergic receptors is approximately one third 15 of the density of ␤ 1 -adrenergic receptors.
(Ϫ)-Norepinephrine and (Ϫ)-epinephrine hasten relaxation through ␤ 1 -and ␤ 2 -adrenergic receptors, respectively, with similar potency and efficacy, associated with phosphorylation of phospholamban and troponin I. The relaxation mediated through the smaller ␤ 2 -adrenergic receptor population is probably facilitated by coupling more tightly to G s -protein than ␤ 1 -adrenergic receptors. In support of this hypothesis, we also demonstrate in Fallot ventricle a greater reduction with guanosine 5-triphosphate (GTP) of (Ϫ)-epinephrine binding to ␤ 2 -adrenergic receptors than of (Ϫ)-norepinephrine binding to ␤ 1 -adrenergic receptors.
Methods

Patients
Myocardium from the right ventricular outflow tract (RVOT) was obtained from patients with tetralogy of Fallot undergoing corrective surgery at the Royal Children's Hospital (ethics approval numbers 97029A, 951686) and The Prince Charles Hospital (ethics approval numbers EC9876, H/29/Med/PCH/NHMRC/99). Written Informed consent was obtained from the parents of 30 patients with tetralogy of Fallot (19 boys, 11 girls, mean age 15.0 months, Table 1 ). Six patients had hypoxic spells before surgery. Most patients did have a degree of chronic cyanosis, with mean preoperative hemoglobin saturation of 84Ϯ2% ( Table 1) . None of the patients were in severe heart failure on the basis of a scoring system for grading congestive heart failure in infants and children 16 (score Ͻ6).
Preparation of Ventricular Strips
Myocardium from the RVOT was surgically removed from the arrested heart after perfusion with cardioplegic solution. Ventricular muscle was placed immediately into ice-cold preoxygenated solution (mmol/L: Na ϩ 125, K ϩ 5, Ca 2ϩ 2.25, Mg 2ϩ 0.5, Cl Ϫ 98.5, SO 4 2Ϫ 0.5, HCO 3 Ϫ 32, HPO 4 2Ϫ 1 and EDTA 0.04) and transferred to the laboratory. Ventricular strips (Ͻ1.5 mm width) were prepared and mounted into an apparatus with 50-mL organ baths 17 at 37°C, driven with square-wave pulses (5-ms duration, just over threshold voltage) at 1 Hz, and set to an optimal length (L max ), 11 with contraction and relaxation measured as described. 4 The incubation medium was exchanged with solution (above) supplemented with (mmol/L: Na ϩ 15, fumarate 5, pyruvate 5, L-glutamate 5 and glucose 10) together with phenoxybenzamine (5 mol/L) to irreversibly block ␣-adrenergic receptors and inhibit neuronal and extraneuronal uptake of catecholamines. 10 Some tissues were incubated with the ␤ 1adrenergic receptor antagonist CGP 20712A (300 nmol/L), 4,11 others with the ␤ 2 -adrenergic receptor antagonist ICI 118,551 (50 nmol/ L) 4, 11 and others with both CGP 20712A and ICI 118,551. After 90 minutes, the incubation solution was exchanged to remove unbound phenoxybenzamine and supplemented with ascorbic acid (0.2 mmol/L) to prevent catecholamine oxidation and as before with ␤-adrenergic receptor antagonists.
Catecholamine Responses
Cumulative concentration-effect curves were established to (Ϫ)-norepinephrine in the presence of ICI 118,551 (selective ␤ 1 -adrenergic receptor stimulation 4 ) or (Ϫ)-epinephrine in the presence of CGP 20712A (selective ␤ 2 -adrenergic receptor stimulation 4 ), followed by a single concentration (200 mol/L) of (Ϫ)-isoproterenol to obtain a maximal effect caused by stimulation of both ␤ 1 -and ␤ 2 -adrenergic receptors. 4 Experiments were concluded by raising the Ca 2ϩ concentration to 9.25 mmol/L. In other experiments, tissues were exposed for 5 minutes to either (Ϫ)-norepinephrine (10 mol/L), (Ϫ)-epinephrine (10 mol/L), or (Ϫ)-isoproterenol (200 mol/L), during which time equilibrium effects were observed. Ventricular strips were then freeze-clamped with liquid nitrogen-precooled tissue clamps and subsequently used for phosphorylation studies. Other tissues were exposed to antagonist but not agonist and freezeclamped as controls.
Protein Phosphorylation
Freeze-clamped tissue derived from contracting trabeculae was homogenized in a histidine-buffer containing NaF 25 mmol/L and phenylmethanesulfonyl fluoride 0.1 mmol/L. 18 The homogenates were divided into a particulate fraction (source of phospholamban) and a supernatant fraction (source of troponin I) by centrifugation at 100 000g. Specific antibodies against phosphoserine 16phospholamban, phosphothreonine 17-phospholamban, and an epitope common to all phospholambar forms were used. 4, 19 The method of protein back-phosphorylation was used as detailed. 2, 4, 18 
Radioligand Binding
Snap-frozen ventricular myocardium, stored at Ϫ70°C until use, was used for radioligand binding experiments with (Ϫ)- 20 which were analyzed by Prism (Graphpad Software, Inc).
Statistics
Data are expressed as meanϮSEM. Parametric (Student's t test), or in the case of populations with nonuniform distribution of errors, nonparametric (Mann-Whitney test) tests, were performed with the use of In Stat (Graph Pad Software Version 2.0). A value of PՅ0.05 was considered statistically significant.
Results
Positive Inotropic and Lusitropic Effects Mediated Through ␤ 1 -and ␤ 2 -Adrenergic Receptors
The functional integrity of ventricular strips was established by observing a positive contractile force-frequency relation between 6 to 120 contractions per minute (nϭ27 myocardial strips, not shown). Stimulation of ␤ 1 -adrenergic receptors with (Ϫ)-norepinephrine, ␤ 2 -adrenergic receptors with (Ϫ)epinephrine, and both ␤ 1 -and ␤ 2 -adrenergic receptors with (Ϫ)-isoproterenol increased contractile force and reduced both the time to reach peak force and time to reach 50% relaxation (Figure 1 , Tables 1 and 2 ). The concentration dependence of the effects of (Ϫ)-norepinephrine and (Ϫ)-epinephrine and their corresponding intrinsic activities were remarkably similar ( Figure 2 , Table 3 ).
There were no relations between age, preoperative hemoglobin saturation, and potencies (Ϫlog EC 50 values) or intrinsic activity values for changes in contractile force, time to reach 50% relaxation, and time to reach peak force for (Ϫ)-norepinephrine or (Ϫ)-epinephrine (rϽ0.54, Tables 1  and 3 ). On this basis, the patient population was considered homogeneous. Table 1 ) with complete atresia of pulmonary valve with prior systemic-to-pulmonary shunt. Catecholamine was added to organ bath (arrow) and incubated for 5 minutes. Shown are fast-speed recordings (barϭ100 ms) and slow-speed recordings (barϭ1 minute). Right panels show overlapping fastspeed recordings of basal contractions and contractions in presence of catecholamine. 
TABLE 2. Contractile and Relaxant Effects of Catecholamines in Ventricular Strips From Infants With Tetralogy of Fallot
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from the affinity of ICI 118,551 for ␤ 2 -adrenergic receptors. 4, 11 The small residual increases observed for force of contraction ( Table 2 ) and phosphorylation of phospholamban serine-16 ( Figure 4 ) are consistent with an expected Ϸ2 log unit rightward shift of concentration-effect curves 4,11 to (Ϫ)-epinephrine (plus CGP 20712A) caused by 50 nmol/L ICI 118,551. Taken together, the evidence with ICI 118,551 demonstrates the specificity of (Ϫ)-epinephrine for ␤ 2adrenergic receptors. Table 4 ).
Greater GTP Sensitivity of Agonist Binding to ␤ 2 -Than to ␤ 1 -Adrenergic Receptors
Discussion (؊)-Epinephrine Can Hasten Relaxation Through ␤ 2 -Adrenergic Receptors Through PKA
Despite their lower density, agonist-occupied ␤ 2 -adrenergic receptors appear nearly as effective as ␤ 1 -adrenergic receptors in increasing contractile force and relaxation velocity of ventricular myocardium from infant patients with tetralogy of Fallot without advanced heart failure. Consistent with these observations, stimulation of ␤ 1 -adrenergic receptors with (Ϫ)-norepinephrine or ␤ 2 -adrenergic receptors with (Ϫ)-epinephrine caused PKA-dependent phosphorylation of phospholamban and troponin I, two important proteins involved in the production of positive inotropic and lusitropic effects of the catecholamines. 6, 7 We propose that the effectiveness of human ␤ 2 -adrenergic receptors in mediating positive inotropic and lusitropic effects of (Ϫ)-epinephrine is due to selective coupling of these receptors to G s -protein compared with human ␤ 1 -adrenergic receptors. Catecholamine-evoked relaxation of ventricular myocardium from nonfailing hearts from infants with tetralogy of Fallot from the age of 2 1 ⁄2 months is quantitatively similar to that found in ventricular myocardium from adult patients in terminal heart failure, 4 despite lower basal contractile force in Fallot than adult myocardium. These results are fundamentally different from those reported for nonfailing ventricular myocardium of adult rats 9, in which only ␤ 1 -but not ␤ 2adrenergic receptors mediate positive lusitropic effects. ␤ 2 -Adrenergic receptors in the hearts of adult rats couple to G i -protein, and only inactivation of G i -protein with pertussis Data obtained from 16 ((Ϫ)-norepinephrine, 12 patients) or 21 myocardial strips ((Ϫ)-epinephrine, 13 patients). Intrinsic activity (IA) was calculated as the fraction of the maximum effect of (Ϫ)-norepinephrine and (Ϫ)-epinephrine compared with the response of (Ϫ)-isoproterenol (200 mol/L) causing maximal effects through ␤ 1 -and ␤ 2 -adrenergic receptors. %Ca 2ϩ was calculated by comparing the maximal effect of (Ϫ)-norepinephrine or (Ϫ)-epinephrine with the effect obtained by raising Ca 2ϩ to 9.25 mmol/L. toxin uncovers coupling to G s -protein with PKA-dependent phosphorylation of phospholamban and hastening of relaxation. 9 ␤ 2 -Adrenergic receptors of adult mice as well as human ␤ 2 -adrenergic receptors genetically overexpressed in mouse heart also couple to G i -protein. 9 Previous evidence in ventricular myocardium from adult failing human heart is, however, consistent with functional coupling of ␤ 2 -adrenergic receptors to G s -protein, as demonstrated with PKA-catalyzed phosphorylation of phospholamban and troponin I and ensuing hastened relaxation, 4 despite reported increases in G iprotein and mRNA levels. [21] [22] [23] Taken together, our evidence in infant (present work) and adult 4 ventricle as well as atrium 2 is consistent with selective functional coupling of human cardiac ␤ 2 -adrenergic receptors to G s -protein compared with ␤ 1 -adrenergic receptors, at least from 2 1 ⁄2 months of age onward to adulthood. Our results stress the importance of obtaining evidence directly from human cardiac tissues because the conclusions gained from the hearts of adult mice and rats cannot be extrapolated to humans.
The ␤ 2 -adrenergic receptor was nearly as effective as the ␤ 1 -adrenergic receptor in mediating positive inotropic and relaxant effects and in the extent of phosphorylation of phospholamban and troponin I. However, ␤ 2 -adrenergic receptors comprise the minor fraction of receptors in human ventricle from children with tetralogy of Fallot (this study and Reference 15), suggesting that ␤ 2 -adrenergic receptors are coupled more tightly to the G s -protein/cAMP pathway than ␤ 1 -adrenergic receptors in infant heart. Selective coupling of ␤ 2 -adrenergic receptors to the G s -protein/adenylyl cyclase system was first reported in human atrium 10 and ventricle 11, 12 and later confirmed for recombinant receptors. 13, 14 Furthermore, evidence for selective stimulation of adenylyl cyclase through ␤ 2 -adrenergic receptors, compared with ␤ 1adrenergic receptors, has also been reported to occur in atria from children with Fallot tetralogy. 24 The finding of considerably greater GTP-evoked decrease of binding affinity of (Ϫ)-epinephrine through ␤ 2 -adrenergic receptors compared with (Ϫ)-norepinephrine binding through ␤ 1 -adrenergic receptors is consistent with selective coupling of Fallot ventricular ␤ 2 -adrenergic receptors. The magnitude of the GTP shift appears to be proportional to the tightness of coupling between receptor and G-protein. 25 Taken together with the relaxation and phosphorylation data, this evidence is consistent with the hypothesis that the smaller population of ␤ 2 -adrenergic receptors is nearly as effective as the considerably greater population of ␤ 1 -adrenergic receptors in mediating positive inotropic and lusitropic effects caused by selective G s -protein coupling in infant Fallot heart, as previously suggested for adult human heart. 4
Role of Serine-16 and Threonine-17 Phosphorylation at Phospholamban
The current view is that phosphorylation of phospholamban serine-16 is the main mechanism for ␤-adrenergic receptormediated hastening of relaxation, 26 -28 and our results from infant Fallot ventricle are consistent with this. Phosphorylation of serine-16 is obligatory for phosphorylation of threonine-17. 26 We showed that stimulation of both ␤ 1 -and ␤ 2 -adrenergic receptors caused calcium calmodulin-dependent kinase (CaMkinase II)-dependent phosphorylation at threonine-17 of phospholamban in Fallot ventricle, possibly because of increased Ca 2ϩ from L-type Ca 2ϩ channels 29, 30 and from ryanodine channels.
Possible Clinical Implications
The relatively high heart rate in infants demands faster ventricular relaxation to allow diastolic filling. Our results suggest that ventricular relaxation could be facilitated by endogenous (Ϫ)-norepinephrine and (Ϫ)-epinephrine through both ␤ 1 -and ␤ 2 -adrenergic receptors. Catecholamines also may cause harmful effects. Isoproterenol enhances right-to-left shunt and decreases pulmonary flow, 31 and similar effects may occur with endogenous catecholamines through ␤ 1 -and ␤ 2 -adrenergic receptors. This mechanism may explain the beneficial effects of ␤-blockers for the acute treatment of hypoxic spells that have been reported to enhance pulmonary blood flow and decrease right-to-left shunts. 31, 32 Besides causing increased oxygen consumption, catecholamines also may be involved in arrhythmias observed in Fallot hearts. 33 Our finding that activation of the PKA-dependent pathway through both ␤ 1 -and ␤ 2 -adrenergic receptors is similar in infant Fallot (this report) and adult heart 4 resembles the similar properties of L-type calcium channels in ventricular myocytes obtained from Fallot infants and adult humans. 30 The similarities include increases in calcium current density through ␤-adrenergic receptors and production of proarrhythmic afterdepolarizations in ventricular myocytes from Fallot infants. It is possible that arrhythmias in infant Fallot ventricle could be elicited by norepinephrine and epinephrine through ␤ 1 -and ␤ 2 -adrenergic receptors, as observed in vitro in isolated atrium from adult nonfailing hearts 34 and experimentally through ␤ 2 -adrenergic receptors in dogs. 35 For the treatment of both hypoxic spells and arrhythmias, nonselective ␤-blockers may be more effective than ␤ 1 -selective blockers.
Study Limitations
Myocardium from the RVOT of infants with tetralogy of Fallot was used in the present study. It is still unknown whether our findings in Fallot myocardium differ from the function of ␤ 1 -and ␤ 2 -adrenergic receptors in ventricle from healthy infants. The relaxation pathway, however, seems to work in a remarkably similar way in nonfailing infant Fallot ventricle and failing adult ventricle. Mean data were obtained from 5 individual experiments for both (Ϫ)-norepinephrine (in presence of 50 nmol/L ICI 118,551) or (Ϫ)-epinephrine (in presence of 300 nmol/L CGP 20712A).
*nH is the Hill coefficient, †Ϫlog K i L and Ϫlog K i H are equilibrium dissociation constants of (Ϫ)-norepinephrine and (Ϫ)-epinephrine for low-(L) and high-(H) affinity conformational states of ␤ 1 -or ␤ 2 -adrenergic receptors, ‡f L is the fraction of receptors existing in the low-(L) affinity conformation.
